Among the slow-growing mycobacteria responsible for opportunistic infections, members of the Mycobacterium avium complex (MAC) are the non-tuberculous mycobacteria (NTM) most frequently isolated in clinical settings (Tortoli et al., 1999; Turenne et al., 2007; Yajko et al., 1995) . Traditionally, the MAC included two species, Mycobacterium avium and Mycobacterium intracellulare (Falkinham, 1996; Inderlied et al., 1993; Turenne et al., 2007) . Recent advances in molecular taxonomy have fuelled the identification of novel species within the MAC (Bang et al., 2008; Ben Salah et al., 2009; Murcia et al., 2006; Saini et al., 2009; Tortoli et al., 2004; van Ingen et al., 2009) . Details on the genetic separation between closely related strains of M. intracellulare have been disclosed by many researchers. Seven MAC or M. intracellularerelated species, Mycobacterium bouchedurhonense, Mycobacterium colombiense (Murcia et al., 2006) , Mycobacterium vulneris (formerly sequevar MAC-Q) , Mycobacterium arosiense (Bang et al., 2008) , Mycobacterium marseillense, Mycobacterium timonense (Ben Salah et al., 2009) and Mycobacterium chimaera (formerly sequevar MAC-A) (Tortoli et al., 2004) , have recently been described.
As in other countries, members of the MAC are the most frequently isolated NTM in Korea. However, unique to Korea, M. intracellulare has been isolated more frequently than M. avium (Bai et al., 1993; Koh et al., 2005 Koh et al., , 2006 Ryoo et al., 2008) . We recently reported on diverse M. intracellulare-related strains showing genetic heterogeneity with one another in Korea, but distinct from those from other countries (Park et al., 2010) .
In the present study, we describe a novel clinical isolate that is closely related to M. intracellulare via a polyphasic taxonomic approach using a combination of biochemical tests and molecular analyses targeting the 16S rRNA IP: 54.70.40.11
On: Tue, 11 Dec 2018 10:43:10 (Rogall et al., 1990; Springer et al., 1996 ), hsp65 (McNabb et al., 2004 , internal transcribed spacer 1 (ITS1) (Park et al., 2010) and rpoB (Adékambi et al., 2003; Ben Salah et al., 2008) gene sequences. The strain used was one of several 'difficult-to-identify' isolates from a patient with pulmonary disease, which was submitted to the Korean Institute of Tuberculosis by mycobacteriology laboratories in Korea in 2005. A sputa sample decontaminated by 1 % NaOH was centrifuged at 13 000 g for 15 min. The sedimented sample was resuspended in 1.5 ml phosphate buffer (pH 6.8) for inoculation into 7H9 broth with ADC (BD) and streaked onto 7H10 agar with OADC (BD) for 2 weeks (Kim & Ryoo, 2011) . This strain was recovered from 270 uC storage in a deep-freezer by subculturing into Middlebrook 7H9 broth media at an incubation temperature of 37 u C.
The morphology and size of cells of strain T were observed by scanning electron microscopy using a JSM-840A JEOL electron microscope. The phenotypic characteristics of strain T and M. intracellulare ATCC 13950 T , M. chimaera JCM 14737 T and Mycobacterium colombiense JCM 16228
T were analysed and compared (Table 1) . Colony morphology, pigmentation in the dark, photo-induction and growth at 25, 37 and 45 u C were tested on 7H10 agar plates with OADC during a 6-week incubation period. Acid-alcohol-fastness was examined by Ziehl-Neelsen and auramine O staining. Niacin accumulation, nitrate reductase, arylsulfatase on days 3 and 14, heatstable catalase (pH 7, 68 u C), tellurite reductase, Tween 80 hydrolysis, urease and pyrazinamidase were tested (Kent & Kubica, 1985) . Inhibition tests including tolerance to thiophene-2-carboxylic acid hydrazide (TCH), pnitrobenzoate (PNB), 5 % sodium chloride, ethambutol and picric acid were performed, and the ability to grow on MacConkey agar without crystal violet was examined. Growth in 7H9 broth with ADC adjusted to pH 5.5 and 7.0 was examined. In addition, antimicrobial susceptibility was determined by the agar proportion method in 7H10 medium (Kent & Kubica, 1985) . The production of alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, valine arylamidase and cystine arylamidase was also analysed with the API ZYM kit (bioMérieux) following the recommendations of the manufacturer.
For fatty acid analysis, strain T was cultured in 7H9 broth supplemented by ADC for 2 weeks at 37 u C under aerobic conditions. Acid-fast and generally rod-shaped cells with frequently curved bacilli (0.5-3.0 mm long) having no spores or filaments were observed by light and scanning electron microscopy. The optimal growth temperature was 37 u C; however, no growth was observed at 45 uC. On Middlebrook 7H10 agar plates, mature colonies were detected after more than 7 days. The growth rate of strain T was similar to that of M. intracellulare ATCC 13950 T . The growth of primarily smooth and non-pigmented colonies was observed on Middlebrook 7H10 agar plates under both dark and photo-induced conditions. However, some yellow colonies were also found. This strain showed tolerance to 10 mg TCH ml 21 and 500 mg PNB ml
21
, but no growth on media containing 5 % NaCl, picric acid or ethambutol, or on MacConkey agar plates without crystal violet. Negative responses were observed for niacin accumulation, urease activity, nitrate reductase and Tween 80 hydrolysis (within 5 days). In addition, activities of catalase, arylsulfatase (3 and 14 days), tellurite reductase and pyrazinamidase showed positive responses. The biochemical characteristics of strain T were similar to those of M. intracellulare ATCC 13950 T . Lipase (C14) and valine arylamidase tests were negative while alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase and cystine arylamidase tests were positive. These enzyme activities were similar to those of M. ' DSM 45239 . ++, Good growth, +, positive/growth; 2, negative/no growth; ±, variable. All strains showed negative results in niacin, picric acid and Tween hydrolysis (,5 days) tests, and positive results in pyrazinamidase and catalase tests. All strains were: + for growth on 7H10 agar plates at 25 u C; non-photochromogenic; negative for growth on MacConkey agar; positive for alkaline phosphatase, esterase (C4), esterase lipase (C8) and leucine arylamidase and negative for lipase (C14) and valine arylamidase (API ZYM kit).
Growth on 7H10 agar plates at:
10 mg TCH ml 21 ++ + ++ + + 500 mg PNB ml To determine the four independent gene sequences of strain T , genomic DNA was extracted by the beadbeater phenol extraction method (Kim et al., 2005) . Four target sequences, 16S rRNA (1395 bp), hsp65 (441 bp), rpoB (701 bp) and ITS1 (298 bp), were directly determined after PCR amplification using purified genomic DNA as a template, as previously described (Adékambi et al., 2003; Frothingham & Wilson, 1993; McNabb et al., 2004) . The 16S rRNA, rpoB and ITS1 gene sequences of M. parascrofulaceum ATCC BAA-614 T were amplified as mentioned above.
As a negative and a positive control for the PCR amplification process, distilled water and purified DNA (100 ng) of M. intracellulare ATCC 13950 T were used, respectively. The 16S rRNA gene sequence of strain T determined in this study was compared with those in the GenBank database using the BLAST program (http:// www.ncbi.nlm.nih.gov/blast/).
The four determined target sequences of strain 05-1390 T were used for multiple alignments with other mycobacterial reference strains using the multiple-alignment algorithm of the MEGALIGN program as previously described (Kim et al., 1999 (Kim et al., , 2005 . Phylogenetic trees based on the four independent gene sequences were constructed with the neighbour-joining (Saitou & Nei, 1987) and maximumparsimony (Fitch, 1971) methods. Evolutionary distance matrices were generated according to the Jukes-Cantor model (Jukes & Cantor, 1969) . The MEGA4 program (Kumar et al., 2008) was used for all phylogenetic analyses, and construction of the neighbour-joining trees was evaluated in each case by bootstrap analysis based on 1000 replicates (Felsenstein, 1985) .
The BLAST results of the 16S rRNA gene sequence (1395 bp) of strain T showed the closest match (100 %) with the MAC strain NLA000800397 (GenBank accession no. EU815938), which was recently isolated in Tanzania (Crump et al., 2009) . A neighbour-joining tree based on the 16S rRNA gene sequences of species of the genus Mycobacterium also indicated the closest relationship between strain 05-1390 T and M. intracellulare-related species, M. marseillense 5356591 T and M. timonense 5351974 T (Fig. 1a) . A stretch of 1385 bp from M. marseillense 5356591 T showed no differences when compared with the 16S rRNA gene sequence of strain 05-1390 T and M. timonense 5351974 T were found only in the hypervariable regions A and B of the 16S rRNA gene (Fig. 2) . Recently, phylogenetic analysis based on the partial rpoB gene sequence (701 bp) has proven to be valuable for use in species differentiation between MAC strains (Ben Salah et al., 2008) . A sequence similarity of 99.3 % was suggested as the criterion for species separation between MAC strains on this basis (Ben Salah et al., 2008) . Therefore, to determine whether strain 05-1390 T meets this standard as a novel MAC species, the partial rpoB gene sequence of strain T was subjected to rpoBbased phylogenetic analysis. Surprisingly, the rpoB gene sequence of strain T showed more than 6 % divergence compared with those of strains within the MAC. Comparison with the GenBank database using the BLAST program showed that the rpoB gene sequence of strain T showed the best match (99.4 % similarity) with those of M. parascrofulaceum ATCC BAA-614 T (GenBank accession no. NZ_ADNV01000269). In fact, when we performed 701 bp rpoB gene sequence analysis of M. parascrofulaceum ATCC BAA-614 T , our rpoB phylogenetic data showed that strain 05-1390 T formed a tight cluster with M. parascrofulaceum, but not with MAC strains, which is strongly supported by high bootstrap values (Fig. 1c) . Sequence analysis of 234 deduced RpoB amino acids showed the strain 05-1390 T had 100 % similarity with M. parascrofulaceum ATCC BAA-614
T , but only 94 % similarity with other MAC strains (data not shown), strongly supporting the above notion. These data suggest a lateral gene transfer event of the rpoB gene from M. parascrofulaceum to the 05-1390 T genome.
ITS1 has also been reported to be a good genetic marker for phylogenetic separation between MAC members (Roth et al., 1998) . Our phylogenetic result showed that the ITS1 sequence of strain T was identical to those of the MAC-C genotype (Fig. 1d) .
Also, phylogenetic analysis based on the concatenation (2827 bp) of the four genes [hsp65 (441 bp) + rpoB (701 bp) + ITS1 (280 bp) + 16S rRNA (1395 bp)] was performed, showing that strain T formed an independent branch apart from clusters belonging to MAC strains, and the topology of which was strongly supported by high bootstrap values (Fig. 1e ).
In conclusion, the distinct sequence characteristics of four independent genes together with the unique MALDI-TOF MS lipid profiles strongly support the suggestion that strain T represents a novel mycobacterial species, rather than a variant of a previously described species. The name proposed for this species is Mycobacterium yongonense sp. nov. Disparity between rpoB and 16S rRNA or hsp65 data in the phylogenetic location of strain 05-1390 T indicates a potential lateral gene transfer event of the rpoB gene from M. parascrofulaceum to the genome of strain 05-1390
T .
Description of Mycobacterium yongonense sp. nov.
Mycobacterium yongonense (yon.gon.en9se. N.L. neut. adj. yongonense of or belonging to Yongon-Dong, the location of the department performing the taxonomic research on the species).
Generally shows a rod-shaped morphology, with frequent curved acid-alcohol-fast bacilli. Spores and filaments are not present. The optimal growth temperature is 37 u C. Grows at 25 u C but not at 45 u C. On Middlebrook 7H10 agar medium, mature colonies develop in more than 7 days. Colonies grown on Middlebrook 7H10 agar reveal a smooth morphology and no pigmentation under both dark and photo-induced conditions. Shows tolerance to 10 mg TCH ml 21 and 500 mg PNB ml 21 but shows no growth in media containing 5 % NaCl and positive or variable responses for arylsulfatase, tellurite reductase and Tween 80 hydrolysis. Negative responses for niacin accumulation, urease activity and nitrate reductase activity. Positive growth on 7H9 broth with ADC adjusted to pH 5.5, which may be used for differentiation from M. intracellulare. The MALDI-TOF MS profiles of lipids exhibit two clusters of peaks, the first ranging from m/z 1199 to m/z 1390 with major peaks at m/z 1295.6 and m/z 1339.6 and the second ranging from m/z 1922 to m/z 2036 with a major peak at m/z 1965.7. Phylogenetic analysis based on 16S rRNA and hsp65 gene sequences showed that it is closely related to M. intracellulare within the slow growing mycobacteria cluster. The ITS1 sequences are identical to those of sequevar MAC-C. Uniquely, rpoB gene-based analysis indicates that it is distantly related to MAC members.
The type strain, 05-1390 T (5DSM 45126 T 5KCTC 19555 T ), was isolated from human sputum in Seoul, Korea.
